Introduction
For centuries, artists have used traditional media and tools to express their thoughts and feelings creatively. More recently there has been a growing interest in non-photorealistic rendering and in recreating these media faithfully on a computer. Some of the most popular materials used in painting are acrylics and oils, and a key feature of these paints is that they can be very viscous and can be applied very thickly to create an impasto style. We have created a digital impasto painting medium based on the Stokes' equations for viscous flow, and a hardware implementation of the Kubelka Munk equations for accurate color mixing and compositing of pigmented materials like paint. To our knowledge this is the first work which has attempted to simulate the properties of viscous paint by solving these physical equations directly.
In contrast to previous methods, such as those used in existing commercial products, we represented the paint on a 3D grid, so the solver can compute the full 3D motion of the fluid, allowing realistic 3D mixing of material properties (e.g. pigmentation). Our numerical solver for fluid simulation offers the following characteristics:
• Stable implicit viscosity solver;
• Stable, semi-Lagrangian update of surface and color;
• Stable treatment of the surface boundary conditions.
Our Approach
We simulate the viscous fluid behavior using the 3D incompressible unsteady Stokes equations:
The first equation describes the transfer of momentum, the second enforces incompressibility.
Our method for solving the equations on a staggered 3D grid is based primarily on the method presented in works such as [Griebel et al. 1990 ], but modified to use a stable implicit viscosity update step and Semi-Lagrangian advection as in [Stam 1999 ]. We implement tracking of the free surface -the interface between the fluid and air -by means of a level set function, with special handling to prevent instability.
Interaction with the paint brush is handled by imposing velocity boundary conditions on the paint. After computing the velocity field using Eq. 1, we advect φ along with other scalars, like pigmentation, to update the free surface. Unlike previous free surface methods, each step of our numerical method is stable, allowing us to take large time steps and maintain the interactivity that is so important to a painting application.
For rendering, we extract the isosurface quickly by assuming height, z, to be function of x and y, so that extracting the surface reduces to a simple line search for φ = 0.5 in each discrete column, (x i , y j ). Normal vectors for use in shading calculations are obtained
We additionally apply filtering to the φ field to achieve several goals. First, the effects of surface tension can by approximated * e-mail: {baxter,liuy,lin}@cs.unc.edu cheaply by applying smoothing to the φ field. Another reason to apply smoothing is that sharp discontinuities in φ lead to inaccurate normals; however the φ field must remain relatively sharp at the interface in order to accurately define the surface location. To achieve these effects, we perform curvature-driven smoothing to reduce sharp features (approximating surface tension), and gradient-driven steepening to force flat regions towards either 0 or 1. We choose the constants and thresholds appropriately so that the smoothing and steepening do not compete with one another.
For rendering, we use the Kubelka-Munk (K-M) diffuse reflectance model, as in [Curtis et al. 1997] . Our key enhancement is a realization of these equations suitable for efficient implementation using hardware shading languages. This addition allows our painting system to display K-M shading in real-time as the user paints.
3 Results
